We report on an experimental analysis of stimulated Brillouin scattering (SBS) in a 20-m-long highly birefringent microstructure fiber for sensing applications. In particular, an experimental setup based on Brillouin optical frequency-domain analysis, operating at a wavelength of 1550 nm, has been employed in order to analyze the distribution of Brillouin frequency shift along the fiber, as well as to study the dependence of Brillouin frequency shift on optical polarization, temperature, and strain. Our results indicate that, for any fixed polarization, the fiber has a dual-peaked Brillouin spectrum. A study about the origin of these two peaks is presented. © 2008 Optical Society of America OCIS codes: 060.2370, 290.5900.
Microstructure fibers (MSFs) are attracting significant attention owing to their unique optical properties [1] . Recently, a number of research groups have studied Brillouin scattering in MSFs, aiming especially to understand the origin of multiple peaks in the spectrum [2] [3] [4] . Actually, the multipeaked structure of the Brillouin spectrum in these fibers may be exploited in some applications such as multiparameter distributed Brillouin sensing and multiwave fiber lasers. Regarding sensing applications, the main interest comes from the possibility to exploit the different sensitivities of the Brillouin resonances to external parameters in order to allow simultaneous and distributed sensing of these parameters. On the other hand, the use of birefringent MSFs may extend the range of measurands in Brillouin-based sensors, thanks to the polarimetric sensitivity of these fibers to external perturbances.
In this Letter, the dependence of the Brillouin spectrum of a strand of a highly birefringent (Hi-Bi) MSF on optical polarization, temperature, and strain is investigated experimentally, for the first time to the best of our knowledge. The 20-m-long MSF (produced by Marie Curie-Sklodowska University in Lublin, Poland) used in the experiments has a solid core surrounded by air holes arranged in a hexagonal lattice. The microstructure also presents two larger holes, adjacent to the fiber core, inducing high birefringence. The diameters of the smaller and larger air holes are 1.2 and 3.4 m, respectively, while the pitch length is 3.4 m. Details on fiber manufacturing can be found in [5] . The fiber was spliced to two short patches of standard single-mode (SM) fiber terminating with FC connectors in order to allow connection with the setup employed for Brillouin characterization. We used the Brillouin optical frequencydomain analysis (BOFDA) setup [6] to characterize the Brillouin properties of the MSF under different polarization, temperature, and strain conditions as shown in Fig. 1 . The inset in Fig. 1 is the scanning electron microscope image of the MSF. Details on the experimental setup can be found in [6] . The only significant modification stems from the use of two polarization controllers at the launching ends of pump and probe beams instead of a polarization scrambler. In fact, the present study was aimed to analyze the dependence of Brillouin properties of the fiber on lightwave polarization. Hence, for each experiment we adjusted the input polarization of pump and probe beams so that they would travel along the x or y axis of the fiber.
At first we performed a distributed measurement of the Brillouin frequency shift of the MSF by scan- ning the pump modulation frequency from 50 kHz to 50 MHz. The latter frequency was chosen in order to guarantee a spatial resolution of 2 m. The measurement was aimed to verify the presence of longitudinal structural variations of the air-hole microstructure due to the drawing process. In fact, it has been shown that these inhomogeneities have a strong impact on the SBS frequency shift [7] . Figure  2 shows the results obtained by aligning pump and probe beams along the y axis. The condition of pump and probe beams aligned along one of two axes of the MSF, was obtained in each case by properly adjusting the polarization controllers in order to maximize the Brillouin gain. It is clear from the measurements that no significant SBS frequency drift occurred along the fiber. Similar results, not shown here, were obtained by launching the optical beams along the x axis. Figure 3 shows the Brillouin gain spectrum measured at a generic section along the MSF, according to the x and y polarizations. We observe two things. First, for each fixed polarization, the Brillouin spectrum consists of a main peak and a minor broader one, Ϸ100 MHz apart, so that the whole spectrum can be fitted by a dual-peaked Lorentzian function. A discussion about the observed dualpeaked Brillouin spectrum will be given later. Second, the spectral position of these peaks is polarization dependent. This occurrence was expected for the Hi-Bi MSF, in which the optical waves with x and y polarization experience different SBS frequencies owing to their different refractive indexes [8] . Note that the polarization-induced shift of the second peak is not much evident in Fig. 3 , owing to broad linewidth of this peak ͑Ϸ110 MHz͒. On the other hand, the narrower ͑Ϸ43 MHz͒ first peak is clearly shown to shift of Ϸ8.1 MHz when rotating light polarization. One can correlate this measurement to the fiber birefringence by using the simple formula ⌬ B / B = ⌬n eff / n eff . By doing so, a phase modal birefringence ⌬n eff Ϸ 1.1 ϫ 10 −3 is calculated for the MSF, in excellent agreement with independent birefringence measurements (not shown here) carried out by using the lateral force method [9] . We note that in SM fibers, the polarization-induced shift of Brillouin peak is hardly observable owing to the much lower phase modal birefringence (typically Ϸ10 −6 ). The presence of multiple peaks in the Brillouin spectrum of silica-core MSFs was reported previously [2, 4, 10, 11] . In particular, it has been observed that larger-core MSFs show just one peak, whereas the number of peaks (as well as their frequency separation) increases for smaller cores and larger air-filling fractions [4] . The fiber considered in our experiments has a relatively small core, for which a dual-peaked Brillouin spectrum agrees with previous experimental observations carried out on MSFs having similar core size [10, 11] . Although a complete understanding of the Brillouin spectrum would require careful computation of the actual acoustic modes in the whole MSF structure, it has been reported that the 10 GHz Brillouin band in small-core MSFs can be quite accurately described by an acoustic analysis based on a single silica strand surrounded by air, despite neglecting the effects of the glass webs around the core [4] . In our fiber, the boundaries of the smaller and larger holes are 2.8 m and 1.7 m far from the fiber axis, respectively. Hence, an approximate acoustic analysis of our fiber can be performed by evaluating the overlap between the optical mode with the axialradial family of acoustic modes in a circularcylindrical glass strand having a mean radius of ͑2.8+ 1.7͒ / 2 = 2.25 m. Figure 3 shows the acoustooptic coupling coefficient for Brillouin scattering, calculated by using the method described in [12] . Although the position of the two resonances is accurately described by this simple model, the observed peak at around 11.1 GHz is about four times wider and weaker than the simulated one. This deviation should be attributed to the microstructure cladding of our fiber, which exhibits a relatively low air-filling fraction. This results in a weaker confinement of higher-order acoustic modes extending deeper in the holey cladding and eventually to an enhanced acoustic loss [2] . A theory explaining the relationship between acoustic modes properties and Bril- louin gain spectrum characteristics can be found in [13] .
The dependence of the Brillouin property of the MSF on the environment temperature was also experimentally investigated by placing the MSF in a thermostat chamber. The Brillouin frequency shifts of the main Brillouin peak under x and y polarization are shown in Fig. 4(a) , together with the result of linear fitting. The latter provided a temperature sensitivity of 1.28 and 1.23 MHz/°C for the x and y polarizations, respectively. It can be seen that the difference in B 's among the two polarizations decreases for higher temperatures. Note that the relatively high ͑dB /dT Ϸ −7 ϫ 10 −6 K −1 ͒ measured negative polarimetric sensitivity to temperature can be mostly attributed to the polymer coating influence [14] . The measured temperature sensitivities can be compared with the values reported for panda (fast axis), bow-tie (slow axis), and tiger (slow axis) fibers, which are, at = 1.31 m, 1.37, 2.30, and 1.66 MHz/°C, respectively [15] . The measurements also revealed that the relative height of the two peaks does not change appreciably with temperature. Hence, in contrast with observations made on MSFs with wavelength-scale solid silica cores [10] , there is no apparent temperature-dependent coupling between the two acoustic modes supported by our fiber. Actually, in [10] it has been shown that such a coupling induces a change in the shape of the dualpeaked Brillouin spectrum with temperature.
Finally, the change in Brillouin frequency with applied stress has been analyzed. Experiments were carried out by stretching a 3-m-long strand of fiber by an applied weight. Figure 4(b) shows the corresponding results. No significant difference between the strain sensitivities of the main peak, under x and y polarization, was observed in this case. This is in agreement with a previous study on the impact of strain on modal birefringence carried out on a holey fiber having similar geometry [9] . By assuming for the fiber a Young's modulus equal to that of pure silica ͑E = 73 GPa͒, the strain sensitivity is Ϸ0.076 MHz/ for both polarizations. We may still compare this value with the strain sensitivities reported for panda, bow-tie, and tiger fibers, which are at = 1.31 m, 0.077, 0.024, and 0.091 MHz/ , respectively [8] .
In conclusion, a complete characterization of the Brillouin properties of a Hi-Bi microstructure fiber has been carried out. We observed a dual-peaked Brillouin spectrum, in which the resonance frequencies have been shown to depend on polarization, temperature, and strain. The analyzed fiber has some interesting properties for sensing, such as high sensitivity of birefringence on hydrostatic pressure [9] . A simple model of the acoustic properties of the fiber has been employed in order to understand the origin of the resonances observed in the Brillouin spectrum.
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